We consider the prospects of supersymmetric dark matter in light of the recent results announced by the CDMS experiment. In this paper, we investigate the status of: (i) neutralino dark matter in models of minimal supergravity, (ii) neutralino dark matter in models with nonuniversal Higgs masses, and (iii) sneutrino dark matter in the U (1)B−L extension of the minimal supersymmetric standard model; and discuss the predictions of these models for the LHC, Tevatron, IceCube and PAMELA.
I. INTRODUCTION
There are various lines of evidence for the existence of dark matter in the universe. One proposed solution for the dark matter problem comes in the form of weakly interacting massive particles (WIMPs) beyond the standard model [1] . It is known that for weak scale masses and interactions, thermal freeze out of WIMP annihilation in the early universe can yield an acceptable relic abundance for dark matter, which is precisely measured by cosmic microwave background (CMB) experiments [2] . Supersymmetry (SUSY), which is a front-runner candidate to address the hierarchy problem of the standard model (SM), can also provide candidates to explain the dark matter content of the universe. The supergravity motivated (SUGRA) models [3] have become the focus of major theoretical and experimental activities for the past two decades. The lightest supersymmetric particle (LSP), provided that it is neutral and weakly interacting such as the lightest neutralino, is a natural candidate for thermal dark matter in these models. A simplified version of SUGRA, called minimal supergravity (mSUGRA), which starts with universal supersymmetry breaking mass parameters at a high scale, has been studied extensively in this context. In particular, the allowed regions of mSUGRA parameter space that yield acceptable dark matter abundance and are compatible with all phenomenological constraints have been determined. The prospect for discovery of these regions at the Large Hadron Collider (LHC) has also been studied [4] . One can go beyond mSUGRA and obtain more realistic scenarios by relaxing the universality condition in mSUGRA. For example, a partial relaxation is separating the Higgs soft masses from those of sfermions. The dark matter allowed regions are in general different in these nonuniversal models.
It is also possible to extend the SM gauge symmetries. A minimal extension, motivated by the nonzero neutrino masses, includes a gauged U (1) B−L symmetry [5] (B and L are baryon and lepton numbers respectively). Anomaly cancellation then implies the existence of three right-handed (RH) neutrinos and allows us to write the Dirac and Majorana mass terms for the neutrinos to explain the light neutrino masses and mixings. The B − L extension of the minimal supersymmetric standard model (MSSM) provides new dark matter candidates: the lightest neutralino in the B − L sector [6, 7] and the lightest RH sneutrino [8] . If the U (1) B−L is broken around TeV, these candidates can acquire the correct thermal relic abundance. They have different qualitative features from the neutralino dark matter in MSSM: due to the vectorial nature of B − L symmetry there is no spin-dependent interaction between the dark matter and ordinary matter, and in some regions of the parameter space the dark matter annihilation rate can get enhancement via the Sommerfeld effect [7, 9] , which allows an explanation of the recent positron excess in the cosmic ray spectrum as observed by PAMELA [10] . The sneutrino dark matter is particularly interesting because it has a large scattering cross section off nucleons, which is correlated with the mass of Z ′ in the B − L model [11] . This Z ′ can be searched for at the LHC. There are currently major experimental efforts for detection of dark matter particles. In particular, direct searches probe the scattering of the dark matter particle off nuclei inside underground detectors. A positive signal in direct detection experiments would prove the particle nature of the dark matter. Very recently, results from one underground detection experiment, CDMS, show 2 signal events with 0.6 ± 0.1 events expected as background [12] . Due to low statistics, this result does not yet provide evidence for dark matter particle, but this can be a hint that the experiment may have started to see something. If these events turn out to be real signals, the direct detection cross section should not be far from the upper limit set by the experiment, ∼ 3.8 × 10 −8 pb for the dark matter mass around 70 GeV, although there are still some uncertainties from hadronic factors determination, dark halo profile and galactic velocity distribution. Another interpretation of the CDMS result can be seen in ref. [13] . In order to confirm the new findings, this result needs to be validated in the next results of the CDMS experiment (and its upgrades) and other upcoming and future dark matter experiments: XENON 100 [14] , Edelweiss-II [15] [20] . A large number of similar events in the future will allow us to determine the scattering cross section and also the dark matter mass more precisely. The results from the LHC and the Tevatron will also be used in tandem in the process of understanding the underlying physics beyond the SM. At this stage it is important to examine the implications of this positive signal for SUSY models that are vigorously searched for in other experiments. We will also examine the impact of using this result as exclusion limit to several SUSY models.
In this paper we discuss the prospects for SUSY dark matter in light of the CDMS results. We consider three scenarios: neutralino dark matter in mSUGRA models, neutralino dark matter in models with nonuniversal Higgs masses, and sneutrino dark matter in the U (1) B−L model, and discuss their predictions for the LHC, Tevatron, IceCube and PAMELA experiments.
II. MSUGRA MODELS
The mSUGRA model, also known as the constrained minimal supersymmetric standard model (CMSSM), is a simple model that contains only five parameters: m 0 (universal scalar soft mass at M GUT ), m 1/2 (universal gaugino mass at M GUT ), A 0 (universal trilinear soft breaking mass at M GUT ), tan β = H 1 / H 2 (where H 1 and H 2 are the Higgs fields that give rise masses for up-and down-type quarks respectively) and sign(µ) (sign of the Higgs mixing parameter). We show a typical parameter space in Fig. 1 [24] (region left to the black dashed line is excluded) and (v) the muon magnetic moment anomaly a µ (pink shaded region in Fig. 1 is within 2σ of where one gets a 3.3σ deviation from the SM as suggested by the experimental results [25] ). We also show the new 2σ contours based on [26] by slanted dashed purple lines and 2σ contours based on [27] by slanted solid purple lines. These latest two references use recent changes in the hadronic contribution to calculate the leading order hadronic contribution. Assuming that the future data confirms the a µ anomaly, the combined effects of g µ − 2 and mχ± 1 > 103.5 GeV then only allows µ > 0. The grey shaded region in Fig. 1 is excluded for not satisfying the electroweak symmetry breaking condition, while the red shaded region is excluded because the stau is lighter than the neutralino hence neutralino cannot be the dark matter. The allowed mSUGRA parameter space, selected out by the relic density constraint at present, has five distinct regions [28] : (i) the stau-neutralino (τ 1 -χ 0 1 ) coannihilation region whereτ 1 is only slightly heavier thanχ 0 1 (which is the LSP), (ii) the hyperbolic branch/focus point region whereχ 0 1 has a relatively large Higgsino content, (iii) the scalar Higgs (A 0 , H 0 ) annihilation funnel (2mχ0 1 ≃ m A 0 ,H 0 ), (iv) the stop-neutralino coannihilation region where the stop particle is almost degenerate withχ 0 1 when A 0 is large, (v) the bulk region where none of the properties above is observed, but the relic density is satisfied naturally for small m 1/2 and m 0 . The bulk region is now excluded due to the various existing experimental bounds. In Fig. 1 , we show the neutralino-proton cross section σχ0 1 −p contours of 5 × 10 −10 , 10 −9 and 10 −8 pb. We also show the CDMS exclusion line, which corresponds to cross section near 5 × 10 −8 pb, depending on the neutralino mass. The determination of the neutralino-proton scattering cross section from the experimental results involves hadronic uncertainties (e.g., quarks masses, mass ratios, strangeness content of proton, pion-nucleon sigma term, etc). Therefore, we should allow some room in selecting the parameter space based on the direct detection results. In addition to the constraints above, the branching ratio of the B s → µ − µ + is also an important constraint for models with large tan β. There has been an active search ongoing at the Tevatron for finding B s → µ − µ + decay mode. The predictions for the Br(B s → µ − µ + ) are shown in dark green lines: 4.7, 3 and 2×10 −8 . The current bound of the branching ratio is Br(B s → µ − µ + ) < 4.7 × 10 −8 [29] . We also show the neutralino mass contours (vertical green dot-dashed lines) 100 GeV, 200 GeV, 300 GeV and 400 GeV (respectively from left to right). We see in Fig. 1 that there is a coannihilation region that satisfies all the experimental constraints, including the g µ − 2, with neutralino-proton cross section of order 10 −8 pb and neutralino mass of ∼ 200 GeV. Fig. 1 only shows the beginning of the focus point region. In general, the neutralino-proton cross section in the focus point region is larger than 10 −8 pb, although with neutralino masses greater than 100 GeV part of this region is still allowed by CDMS exclusion, especially for larger m 1/2 and m 0 .
The solid light-blue line starting at m 1/2 = 400 GeV and continues to m 1/2 = 310 GeV for m 0 = 1500 GeV shows the CDMS exclusion contour (based on their combined data), excluding the region to the left. The exclusion contour is found to be competitive with the b → sγ and Br(B s → µ − µ + ) in the stau-neutralino coannihilation region. It is ruling out most of the g µ − 2 favored part of the focus point/hyperbolic region. However, if we allow some room due to the uncertainties, the low focus point region can provide interesting solutions that are compatible with both g µ − 2 and the CDMS two-events. For lower tanβ, the CDMS exclusion contour becomes competitive with the Higgs mass constraint from LEP. Since the LHC will be searching for the existence of new particles predicted by supersymmetric models, it is interesting to see the range of masses predicted by models with certain values of σχ0 1 −p , in the range of 5 × 10 −10 − 5 × 10 −8 pb. In Fig. 2 we show the typical mass ranges of the lightest chargino (χ ± 1 ), the gluino (g), the lightest selectron (ẽ R ) and the lightest stop (t 1 ) as functions of the lightest neutralino (χ 0 1 ) mass for tan β=50. We see that at least some sparticles should be accessible at the LHC if σχ0 1 −p > 10 −9 pb. For example, the chargino, the right selectron, the lighter stop and the gluino masses are in the range 200 GeV to 1 TeV, 200 GeV to 5 TeV, 500 GeV to 4 TeV and 800 GeV to 4 TeV respectively. The higher values of these masses (e.g., beyond 1 TeV for selectron) appears in the focus point/hyperbolic branch region which is not preferred by the g µ − 2 data. The ranges for these masses do not change much if we change tan β. The masses are expected to be measured with high accuracy at the LHC. In fact, it has been analysed for the stau-neutralino coannihilation region [4] that the stau, neutralino and squark masses can be measured at the LHC to a very good accuracy which can be converted to an uncertainty on Ωχ0 1 h 2 of 11 (6)% using 10 (30) fb −1 of data. For the focus point region, the uncertainty becomes 28% for 300 fb −1 . The direct detection cross-section can also be estimated with similar degree of accuracy (e.g., 7% at 10 (30) fb −1 for the stau-neutralino coannihilation region) from the LHC measurements, however the main errors in estimating this cross-section arise from the uncertainties of the form factors and the quark masses.
In Fig. 3 , we plot the Br(B s → µ − µ + ) as a function of neutralino mass for five different σχ0
, and 5 × 10 −10 pb. We find that Br(B s → µ − µ + ) can be probed by the upcoming results at the Fermilab (down to ∼ 2 × 10 −8 in two years) if the σχ0 1 −p is confirmed to be in the order of 10 −8 pb by the future results of Xenon 100 [14] and CDMS [12] experiments, provided that the muon g µ − 2 anomaly persists. The branching ratio reduces to the SM value ∼ 3 × 10 −9 in the focus point/hyperbolic branch region which appears at large values of m 0 .
III. MODELS WITH NONUNIVERSAL HIGGS MASSES
We now discuss the models with Nonuniversal Higgs Masses, motivated by the fact that the neutralino-proton cross sections can be enhanced in this model for any value of m 0 and m 1/2 by explicitly modifying the Higgsino content of neutralino. In the nonuniversal Higgs masses (NUHM) models [30] , the Higgs soft masses are not tied to m 0 at the GUT scale, i.e. m (1 + δ 2 ), where δ 1 , δ 2 are nonuniversal parameters. The direct detection constraints on the parameter space of these scenarios were discussed in references [31, 32] . Due to these nonuniversalities at the GUT scale, we can take µ and m A to be new parameters at the weak scale. In Fig. 4 , we show the contours of σχ0 1 −p in the plane of m 0 and m 1/2 for m A = 300 GeV and µ = 300 GeV. The thin dashed blue line is where 2mχ0 1 = m A , and the shaded blue region shows the relic density allowed region due to the neutralino annihilation near the m A pole. On the right of the thin blue dashed line, there is further suppression of the neutralino relic density due to the large higgsino content of the neutralino, and also chargino coannihilation effect. Therefore in this region the relic density is always smaller than the WMAP value. If µ is lowered, the relic density allowed region will move to the left. As for the mSUGRA case, the red dotted lines from left to right are Higgs masses (112.4, 113.4 and 114.4 GeV), and the black dashed line corresponds to the chargino mass 103.5 GeV. The σχ0 1 −p contours are drawn at 5 × 10 −8 and 10 −7 pb. The neutralino masses 100 GeV and 200 GeV are shown by green vertical dot-dashed lines. We see that the neutralino proton cross section is getting large when both µ and m A are small, and therefore already restricted by the dark matter direct detection searches. The solid light-blue line starting at m 0 = 200 GeV for m 1/2 = 100 GeV and continues to m 1/2 = 170 GeV for m 0 = 800 GeV shows the CDMS exclusion contour (based on their combined data). The right side of the contour shows the excluded region. The allowed region increases as we increase µ and m A . Note however that for the small relic density region, the neutralino proton cross section gets suppression by the ratio of the neutralino relic density over the total dark matter density (WMAP), i.e. assuming a multicomponent dark matter scenario, hence not necessarily excluded. If we raise m A and µ to 1 TeV, as shown Fig. 5 , then the higgsino component goes down and consequently, the direct detection cross-section goes down. We find that it is ∼ 10 −10 pb for the parameters chosen. Note however that if we raise tan β, the cross-section can go up to 10 −9 pb. We also notice that the stau-neutralino coannihilation is the only relic density allowed region shown in this plot. Overall, in the nonuniversal Higgs model, it is possible to find solutions to relic density for any m 0 value by tuning the values of µ and m A . However, intermediate values of µ are better to explain the cross section emerging from the CDMS data. It is interesting to note that the cross section increases as we increase m 1/2 , in contrast to the mSUGRA case, because of the larger higgsino content in the neutralino. We hope that these nonuniversal models with the intermediate values of µ can be identified at the LHC. The range of masses for the SUSY spectrum from such a nonuniversal model will be mostly similar to mSUGRA scenarios we presented above for the chosen values of direct detection cross-sections, however, m A and the neutralino and chargino spectrum will in general be different. Careful measurements of observables (using invariant mass distribution) involving different final states of the SUSY particles will hopefully distinguish these models at the LHC. The entire region is allowed by the CDMS exclusion line which we do not see in this figure, although the cross section might be to low to explain the CDMS two-events. Just like mSUGRA model, the Br(B s → µ − µ + ) also gets enhanced in the NUHM model for large tan β. 
where L denotes the superfield containing the left-handed (LH) leptons (for simplicity, we have omitted the family indices). The W B−L term contains H This model provides new dark matter candidates: the lightest RH sneutrinoÑ [8] and the lightest neutralino in the B − L sectorχ 0′ 1 [6, 7] . In the latter case the direct detection cross section is almost negligible. We therefore focus here on the RH sneutrino as the dark matter candidate 1 . It is made stable by invoking a discrete R-parity, but in the context of a B − L symmetry, a discrete matter parity can arise once the U (1) B−L is spontaneously broken [34] . The B − L gauge interactions can yield the correct relic abundance of sneutrinos if the U (1) B−L is broken around the TeV scale.
The sneutrino annihilation is dominated by two S-wave processes:ÑÑ → N N (Ñ * Ñ * → N * N * ) andÑÑ * → φφ, where φ is the lightest Higgs in the B − L sector. The neutrino final state is the main annihilation mode in most of the parameter space. In this case the relic density depends mostly on the mixing parameter for the new Higgses
) and is essentially independent from the Z ′ mass. As a result, one can obtain the correct relic density for sneutrino mass as low as 60 GeV. We show the relic density in this model in Fig. 6 for Z ′ mass of 1−2 TeV. The φ final state is the main annihilation mode in regions of parameter space where m φ ≪ mÑ . The annihilation cross section in this case is ∝ m 2 Z ′ [9] , which implies heavier sneutrinos for larger values of the Z ′ mass. If m φ < 20 GeV, sneutrino annihilation at late times receives sufficient Sommerfeld enhancement and can explain the PAMELA results 2 [9] . The SUGRA models discussed in the previous two sections require an astrophysical boost factor 10 3 − 10 4 to explain the PAMELA data by dark matter annihilation.
In the B − L model the elastic scattering of the sneutrino off nucleons occurs via the Z ′ exchange in the t-channel. This leads to only a spin-independent contribution since the B − L charges of the left and right quarks are the same. The sneutrino-proton cross section does not have errors due to the strangeness content of the proton, but the detection rate can still get uncertainties from the galactic velocity distribution. The cross section for sneutrino-proton elastic scattering follows
where g B−L and Q L are the U (1) B−L gauge coupling and the normalized B − L charge of leptons, respectively, and m p is the proton mass. We note that for g B−L ∼ 0.4, and with a normalization factor of 3/2, all of the gauge couplings unify at M GUT . The limits on the Z ′ mass from LEP and Tevatron are given by [35, 36] ,
This results in an upper limit on σÑ −p of ∼ 7 × 10 −9 pb. In Figure 7 , we show the Z ′ mass as a function of theÑ -p scattering cross section for this model. Note that this is independent from the sneutrino annihilation mode. If the CDMS finding holds in the future results then depending on the final value of the cross-section either this model will be found to be already ruled out by the LEP data or the new gauge boson Z ′ will be found very soon at the LHC. The whole plot in Fig. 7 holds when we try to explain the PAMELA puzzle since m ′ Z ≥ 1.5 TeV allows us to satisfy the relic density using mostlyÑÑ * → φφ annihilation mode. The sneutrino mass required to solve the puzzle is, however, ≥ 1 TeV. At present, due to low statistics it is not possible to constrain the dark matter mass by the CDMS data, however in the future with more data we will be able to find out whether this model can explain the PAMELA results.
An interesting point is that in the B − L model the number of muon events at IceCube from annihilation of sneutrinos captured in Sun only depends on mÑ and σÑ −p . The reason being that the spin-dependent part of the cross section vanishes since the B − L symmetry is vectorial. Hence, more data from the upcoming XENON 100 and CDMS experiments (with an LHC measurement of the dark matter mass), will pinpoint the expected muon events from the B − L model at the IceCube. The largest number of muon events from Sun for the sneutrino mass in the 60 − 300 GeV range is 58 km −2 yr −1 , which may be seen in 5 years of IceCube running [11] 3 . We note that in mSUGRA models the neutralino has a large capture rate only in the hyperbolic branch/focus point region due to a large Higgsino component that results in a large spin-dependent scattering cross section via Z exchange. The number of muon events from Sun is in the range 100 − 1000 km −2 yr −1 for the neutralino mass in the 60 − 300 GeV range. The nonuniversal Higgs masses models with smaller µ would show similar behavior. However, these models do not exhibit a direct relationship between the expected muon events at IceCube and the direct detection experiments.
V. CONCLUSION
In this paper we have considered the status of mSUGRA, nonuniversal Higgs masses and U (1) B−L models in light of the CDMS results. We summarize our findings:
(1) A direct detection cross section of 10 −9 − 10 −8 pb selects an interesting region of mSUGRA parameter space. For example, if we include g µ − 2 data in the analysis, then the B s → µ − µ + decays might be observed in the upcoming results at the Fermilab for large values of tan β. Also, the sparticle masses (especially in the stau coannihilation regions) and the gauginos and Higgsinos (in the hyperbolic branch/focus point regions) are mostly within the reach of the LHC. For tan β = 50, the CDMS exclusion contour, we find, has almost become competitive with the b → sγ and B s → µµ bounds for the stau-neutralino coannihilation region and rules out most of the g µ − 2 favored parameter space in the focus point region. For tanβ = 10, however, the exclusion limit becomes competitive with the Higgs mass contour. (3) The current Z ′ mass limits set an absolute upper bound ∼ 7 × 10 −9 pb on the cross section in the B − L model. Therefore, if the CDMS results hold, a more precise determination of the cross section along with the new Z ′ searches at the LHC will decide the fate of this model. Because of the absence of spin-dependent interactions, more data from the dark matter experiments on the scattering cross section and mass, and direct mass determination at the LHC, will fix the predicted signal of the B − L model at IceCube. That will also determine whether dark matter explanation of the PAMELA in the context of the B − L model, that requires sneutrino masses larger than 800 GeV, is still viable.
We note that any sensible mass determination is impossible from just two events [38] . Many more events are needed to determine the dark matter mass from the recoil spectrum due to the near degeneracy of the recoil spectrum for a wide range of masses (determination of mass from the recoil spectrum suffers also from the uncertainty of WIMP velocity distribution and halo models) as discussed in Ref. [39] and, therefore, there is no constraint on the dark matter mass at this point.
In table 1 we show closest fits for these models if the CDMS results σ LSP−p ∼ 3.8 × 10 −8 pb and m LSP = 70 GeV (which is obtained using the maximum experimental sensitivity or the lowest point of the curve) are taken at face value. We find that the stau-neutralino coannihilation region of the mSUGRA moodel cannot accommodate CDMS results. The problems are due to the Higgs mass constraint (for low tanβ) and b → sγ/B s → µ Closest fits to mLSP = 70 GeV and σLSP−p = 3.8 × 10 −8 pb in the mSUGRA and B − L models. The corresponding limiting constraint is given in each case. For the low focus point models, the constraints are the chargino mass bound, b → sγ, and the Higgs mass bound (113.4 GeV). The situation for nonuniversal models is more relaxed than that in the mSUGRA case and is discussed in the text.
(the theoretical uncertainties due to nuclear form factors can be bigger than 2). Since m 0 is large, the constraints from b → sγ or B s → µ − µ + do not apply. We find similar points for tanβ = 30, 40, 50, but the cross section becomes larger. In the nonuniversal scalar mass models [40] it is easier to find a solution for these CDMS values, since the Higgs mass constraint can be lifted by choosing larger A 0 values and the b → sγ constraint can be relaxed by increasing the third generation sparticle masses. It is possible to have even smaller values of neutralino masses. For example, for tanβ = 10, m 1/2 = 200 GeV, m 0 = 500 GeV, A 0 = 1 TeV, we can find σ LSP−p ∼ 4 × 10 −8 pb and m LSP ∼ 61 GeV. For this point, the third generation universal sfermion mass is m 0 = 830 GeV to satisfy the b → sγ constraint. Finally, the B − L model (assuming that it does not explain the PAMELA excess) does not have any problem with 70 GeV mass for the dark matter, however the cross section, which is dictated by the Z ′ mass limit from LEP and Tevatron, is small by a factor of 6. This discrepancy could arise from the uncertainties in the detection rate due to galactic velocity distribution.
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